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A Monte, Carlo statistical compulcr  analysis was used
to create. neutron rind photon radiation predictions for the
General ]’urpose }leat Sourc*  Radioisotope ~’hemuoclec.tric
Generator (GI’HS  R’I’G). ‘IIIc GPHS R’1’G is Wing used on
swcrrd  NASA planetary missions. Analytical results were
validated using measured health physics data.

1 .  IN’I’RODUC’1’ION

1 ate in 1997, engineers at NASA’s Jet Propulsion
1 zrboratory  arc planning to launch a robotic spacecraft on
an eleven year mission of over one billion miles to Saturn
rmcl its moon ‘1’itan. 1 ,ikc the, ot}ler four outer plrine.ts
(Jupiter, Uranus, Neptune, and l’lute), Saturn orbits too
far from the sun to be explored by spat.ec.raf( using the
solar arrays currently available. ‘1’o date, spacecraft sent to
study and photograph these p]anets have required
Radioisotope ‘1’hemnocledric  Generators (KTGs) to med
electrical power requirements.

A. l)cscriplion  of the GPHS  R’I’G

RTGs arc built for NASA by the Ikpartment  of
1  ine.rr,y  u n d e r  rm int cragency Me.morandun]  o f
Understanding. ‘l’lie. SNAP series and hfultil  lundred Watt
}<’I’C;  models were used on spacecraft in the 1960s ancl
70s. I iigure 1 shows a cut away of the General l’urpose,
1 lest Source (G1’11S) RIG c.urrcntly  in production. l’hc
G]’] iS RI’G is already powcrin~ both the Galileo mission
now on its way to Jupiter ancl the I iuropcan Space
A~,cnc.y’s  Ulysses mission stuc]ying  the polar regions of the
sun. ‘Ihc 1997 Cksini mission to Saturn will use, thrm  of
the GPHS R’1’Gs.

‘1’lIc GI’}lS  R’I’G is fueled by )’11-238 in the form of
iricliun-clad I’uOZ fuel pc.lle.ts. l’our of the pellets arc
cl]cased in a single ~,raphite.  n)odulc. l{ightef.n moclu]c.s arc

tlien stacked together inside ill the cylindrical
thcrmoelczt ric converkr.  ‘l”he exterior of the converter is
a finned alun~inum  shell that supports the CiP}l S modules
on e.ithcr end of the stack. Multifoil insulation inside the
case rctaii]s the heat gcnerakl by the radioisotope fuel
decay.  ‘1’he s}lcll s u p p o r t s 572 silicon gcrmaniunl
thcrmocleclric unicoup]es t ha t  pene t r a t e< througli the
insulation. I’}w tcrnpcraturc different ial across the
unit.ouple crcatcs an eleztrieal potential, that in conjunction
wit h the othc.r uni couples germ-at es several hundred wat 1:s
of power.

11. Spacecraft Radiation Considerations

While the static conversion and long fuel life of R’1’(;:s
make. km dcpcndablc  space power sources, the r]cutron
and pllotou radiation from the. fuc.1 can affe<.t equilJn]ctlt
reliability ancl create personnel ha?m-dsi ionizing dose from
higl) energy ~arurna and neutron displacement cffexts  can
dan]agc s}>acecraft electronics. 1,OW  mlergy and sez.ondary
photons can degrade the return from sensitive sc.ie.nc.e
instrurnemk, And at tllc launch facility, pcrscmnc.1 cxpcmrc
risks near the R1’[is  earl c.ornplie.ate. sl)ac.ec.raft integra[io[]
and testing, cqmations.



11. RA1>IA’J’1ON ANAl,YSIS

Vrrrious  empirical, ckkr’ministic, slat istic.al, ancl hybrid
tm.llniqucs have been used in the past in an e. ffor[ to
closely eJ]arrrctcri7.e tlm radiation from R1’Gs. Most
rwmntly, the G]’] 1S RIG design was modclled usins the
1 m Alaruos Monte Cklo eodc MCN1’41  on both rr CXAY
Y-MI’ and rrn IBM 486 K.

A. 1 )cscription  of the MCNI’4  Clmputer  Code

]Icginning  from a user defined source, h4CN}’4
statistically simulates transport of a series of individual’
parliclcs  (neutrons, photons, or electrons) through a
computer modclled gcmmctry.  ‘l%e contributions from the
parlicles  arc tallied at a point, over a sLwface, or in a user
designated volume. When enough partic.le.s or histories are
t r a c k e d ,  a  rcprwscntativc value is at(ained f o r  that
particular  tally. Particle. emeq,y, direct ion,  event cross-
sedions,  and other continuous and dismctc distributions arc
skxhas[ieally  sampled using Monte C2rrlo te=chniqucs.
Numerous non-analog variance reduction and modclling,
o}~tions are available.

11. R’1’G Model Ciemne.try rrnd Source Spedrum

Most of the GI’IIS R’Ki geonietry was ]nodc]led  in
detail, making extensive usc of the MCNP4 repeated
stnrcture  features. in the inkrest  of simplicity and reduced
run-time, however, the approximately one hundred layers
of insulation and the 572 thcmnoeledric  unicoup]es  were
lumped into two cells of homogeneously distributed
rcprcscntativc  clcmcrrts. ‘Ilrc validity of this simplification
was demonstrated through independent runs that confirmed
the. rdativcly  small importance. of these low derlsity
components over the full neutron and photon speztrum.

1,ittlc of the spaeccraf[  was includcxt in the problem
gccrrnetry.  During worst case conditions when tlm fuel
tanks arc empty, ther-c arc fcw cornponcnk that would
cffe<t  ivcly shield high energy gamma and ncu(rons.
1 lowevcr,  local shielding used to protect the scnsi(ivc
spacemafl cameras was cvalua(ed  to help dcte.rmine.  the.
sl)cz.trunl  and flux density of X-rays reaching the. e.a]ncra
Ccl)s.

‘1’he fuel source spectrunl was initially based on
previous analyses of the l’uoq fuel. 2,? ‘1’hat  work was then
upclated  to account for differences in fuel age, 1’11-236
i rnpurity  cone.cntrat ions, monatomic. Oxygc.n-l  8 content,
a n d  IiSllt clcnwnt i m p u r i t y  lCVCIS  -  al l  of which
significant ly impact either photon or ncut ron source. lcve]s.
‘1’he. defined source  spectral breakdown is shown in 1 ‘igures
2 and 3.
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C. Analysis Technique

A dcte.rmined  cfforl was made to ensure that the
proble.rn  phase space. was well sarnp]wt. Of particular
conmm,  due, to the sensitive scie.ncc instrumc.nts, was the
low e.ncrgy photon spcxtrwrn.  l’iloton transport was done
using the MCNI’  detailed physics treatment that inc.ludcd
pair production, photo-c ]ectric fluorcscemt Cmission$,
Cornpton  and “1’tromson  scattering down to 0.001 Mcv.
lktimate.s of X-ray generation in the. thick shielding for the
spacemafl canlera CZl)s required brcmsstrahlung
approximations as well. No thermal ne.u[ron  transport was

rnodelied,  }Ioweve,r f a s t  ne.utrcm f]ssicm in the fuel wm
included.

Se.ve.ral variance rcduct  ion features vm  e. used cl L]ring,
the analysis  k) rninirni?c. run- t ime and irnprovc tl(c
accuracy of the model. Sour-cc biasing allowed all mcrpy
birls in the. source to bc. sampled frequc.nt]y  enough that the
c.harac.te.lristics of photons at all enerp,y kvc.ls of interest
were well undcrs(oocl.  1 Inplicit capture, allowed statistically
caI)turcd pa r t i c l e s ,  t o  con t inue  makin~ wciglltcd
contributions to dctc<tor tallies. Accllratc analysis of t}lc
thick C(:1) shit.tclirls required an ef]crg,y splitting  ?.al~l~ to



. .,

bc. USCA for 1-10 Kcv photons. I?inally, the forced collision
option proved very helpful in verifying infrcque.nt ewe.nts
in n)ucll of (I)c lclwcr density material.

1 he to tl]c po(cnt ially broad spcxtral response of
scvcrrti science instruments carrkct on board the sl]ac~maft,
many variance rc.duction  options were purposely avoided
where practical to help prczludc data loss in the tail of the
cncrsy  spectrum. J’ar(iclc weight windows, cmrgy cut-off,
and statistical rcml~tte. ~arncs in general were not usc~.

][1. ]<1 KIJI,’J’S

A. Statistical (:haractc.rist ic.s

‘J’lie, statistical ],rccisiozl  of tllc final RrJ’G nmdc]
detector tallic.s was good. Most energy bins convcrgcd to
a relative e.rior of R <0.05 within 100,000 histories,
where:

R= s’, Sx= std dev
x

x  = mcatl

All tallic.s were well behaved with little fluctuation in
dctmtor  statistics. Relatively rapid convergence allowut
single points to be evaluated with sufficient accuracy
within reasonable computer run tirncs. Ovcrllight  runs on

the CRAY  system rmd the PC were used to calculate levels
at hundreds of points for two dimensional contour plots.

11. CoruJ~arisorl  of l’rcdicted and Measured l]ata

J;igLlrcs 4 and S show the spectral outputs from the.
runs. No measured data was available for I’LIOZ R’JWS to
vcri fy the spcct ral anal ysis.
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103 I, r{, ,,,

1 07

<s 10’.!.
, r  .  . . . -” ’  L

,r
j

k- 1 0 °

I
L

‘[: 10-’r,,! 1 0 -2

:, I
? 1 0 -3

f

1 0 - ’

,o-~ [,, ,, [,,,
,.-8 , . - 7 1 w h ,..5 , . - 4 1 ()- J lo”~ 1[)-1  100 1[1’

fncrgy  (h. !,.)

10’

103

1 02

:
< 10’
:.
[ 10°
u
> 1 0 -1

;!
10-2

;

1 o ” ’

10- 4

1 0 -5

liigure.  5
R’J’G l’Jloton @(Jnrt Spec

1(1-7

1,
,.-1

1 on
[ ncrgy  (M..)

mm

LF~/

1
lL -

101

MCNI’  dose rate results compared well with 1{’1’[;
hcaltl] physics data. 1 ‘igurm 6 and 7 con]  I,arc.  prcdictcxJ
radiation levels radially out from the. R’J’G centerline to
rncasurcd  data in the same locations.

liigure  6
Nc.utron  I)ose.  Rate ]’redactions vs. hfeasurcd Data
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A l l  mcasurctmnk  were normalimxl  to a f Uc] a~c of s
years. Since most of the cl]ipir{c.rd data was co]lw.tcd in a
rc.lativcly  small concrctc storage room, a second h4~N1’
prcdic[ion was performed tha[ inc]L]dti a ~cncric  2.0x30x 15
foot concrete room in the model to account  for backsca[tcr.
1 ~ata poink  fall ins closer to the Iowcr line c.orrc,spond  to
m.asurcmcnk  Inadc in a large open assc.tnbly facility, c)r
ll~casurcnmnts that used a tez.hnique that ac.counted for the
gamma atld neutron backscattcr.

l~igurc 8
Gmsini  Spacecraft ‘J$otal IJosc Rate. 1 Mimate.s
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‘Jhe model has km used exknsivcly  to produce. 3-]]
ana[yscs  of spacecraft, instrument, and personnel radiation
pat(crns.  ljigurc  8 shows a side. view of the ~assirli
spat.emaf[. “IWO of the three lV1’Gs arc visible C.antilcvcrcd
off the. 1 mvcr l~quipment  h40dulc ril]p, near bOItOIII of the
Jifym.  l)osc. rate contour lines in a plane through ths
c.c.n t cd i nc oft hc spacmraft  provide e.st i mat cs for pc,rsontml
cxJJosurCS  after tl[C R1’~;S arC in S~allCd on thC ]aUllCh  pad.
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